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(57) Abstract 

A method and 
apparatus for phase locking 
to an input signal and 
outputting a sigma-delta 
modulated control signal. 
The method and apparatus 
of the present invention 
provide a sigma-delta 
modulated control signal 
which can be utilized by 
any one of a decimator 
for decimating a digital 
data at a first data rate to 
a digital data at a second 
data rate and an interpolator 
for interpolating a digital 
data at a first data rate lo 
a digital data at a second 
data rate. The decimator 
and the interpolator can be 
utilized in any one of an 
analog-to-digital converter, 
a digital-to-analog converter 
and a digital-to-digital 
converter. In one 

embodiment, a period of the 
input signal is determined 
and fed to a phase -locked 
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loop which includes a sigma-delta modulator for providing 
a phase detector for determining a phase and a frequency 
phase-locked loop. The method and apparatus thus locks 
sigma-delta-modulatcd control signal. 



CONTROL 
SIGNAL 

the sigma-delta modulated control signal. The phase-locked loop also includes 
-difference between the input signal and a conversion signal generated by the 
to the phase and the frequency of the input signal and provide a phase-locked 
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DiCITAL PHASE> LOCKED LOOP UTILIZING 
A HIGH ORDER SIGMA-DELTA MODULATOR 

Background of the Invention 

5 Related Ap plications 

This is a continuation-in-part under 35 U.S.C. §120 of application Serial No. 08/121.104. 
filed on September 13. 1993 entitled "ANALOG TO DIGITAL CONVERSION USING NON- 
UNIFORM SAMPLE RATES"; of application Serial No. 08/120.957. filed on September 13. 
1993 entitled "DIGITAL TO ANALOG CONVERSION USING NON-UNIFORM SAMPLE 

10 RATES": of Application Serial No. 08/241,059 filed on May 1 1, 1994 entitled "DIGITAL-TO- 
DIGITAL CONVERSION USING NON-UNIFORM SAMPLE RATES"; of application Serial 
No. 08/343.713 filed on November 22. 1994 entitled "VARIABLE SAMPLE RATE ADC": of 
Application Serial No. 08/373.864 filed on January 17. 1995 entitled "DIGITAL TO ANALOG 
CONVERSION USING NON-LTSTFORM SAMPLE RATES"; and of Application Serial No. 

J 5 08/328.560 filed on October 25. 1994 entitled "ANALOG TO DIGITAL CONVERSION 

USING NON-UNIFORM SAMPLE RATES." The disclosure of each of the above applications 
is hereby incorporated by reference in its entirety. In addition, this is a continuation-in-part 
under 35 U.S.C. §120 of PCT/US94/ 10268, filed on September 13. 1994 entitled "ANALOG TO 
DIGITAL CONVERSION USING NON-UNIFORM SAMPLE RATES" and PCT/US94/ 10269, 

20 filed on September 13. 1994 entitled "DIGITAL TO ANALOG CONVERSION USING NON- 
UNIFORM SAMPLE RATES." The disclosure of each of the above international applications is 
herein incorporated by reference. 

Field of the Invention 

25 The present invention relates generally to the field of digital phase-locked loop circuits. 

More particularly, the present invention relates to a digital phase locked loop utilizing a high- 
order sigma-delta modulator which can be used in conjunction with an analog-to-digital 
converter, a digital-to-analog converter, and a digital-to-digiial converter. 

30 Discussion of the Rel ated Art 

Figure 1 illustrates a phase-locked loop circuit which has been used in conjunction with, 
for example, an analog-to-digital converter or a digital-to-analog converter to lock to an external 
clock signal. The phase-locked loop circuit of Figure 1 has been used in an AD28msp01 Echo- 
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Cancelling Modem Analog Front End circuit, made by Analog Devices, Inc., One Technologx 
Way Norwood, Massachusetts U.S.A. 02062-9106. The AD28msp01 is a complete analog front 
end for high performance DSP-based modems. The device includes all data conversion, filtering 
and clock generation circuity needed to implement an echo-cancelling modem with one 
5 companion digital signal processor. Further information on the AD28msp01 can be obtained 
from Analog Devices, Inc. An advantage of the circuit of Figure 1 is that, for example, an"^ ^ 
analog-to-digital converter or a digital-to-analog converter, used in conjunction with the phase- 
locked loop of Figure 1 . can be synchronized to an external clock signal and need not be limited 
to an on-chip master clock signal. 
10 In the phase-locked loop circuit 10 of Figure 1, an external clock signal is applied on line 

12 to a phase detector 14 which produces a signal 1 8 proportional to a phase difference between 
the external clock signal on line 12 and a conversion signal (TCONV) on line 16. The 
conversion signal will be described in more detail hereinafter. The output signal of the phase 
detector, on line 18. is filtered by a loop filter 20. Typically, the loop filter has a high gain. 
15 preferably infinite, so that the phase-locked loop can always lock to the external clock signal 12 
with no phase error. In addition, the loop filter acts a low-pass filter. 

An output of the loop filter, on line 22. is fed to a first-order, two-bit sigma-delta 
modulator 24. The sigma-delta modulator 24 produces, on line 26. a two-bit digital word which 
is used to control a variable divider 28. As will be further explained hereinafter, the sigma-delta 
20 modulator 24 modulates the signal on line 22. which is representative of the frequency of the 
external clock signal on line 12. An example will serve to illustrate this function. 

Assume that the data rate of the synchronization signal on line 12 is 7.2kHz. Further 
assume that a frequency of a master clock signal, on line 30. fed to the variable divider 28 is 
13.824MHz. If the desired data rate of the signal on line 16 is 7.2kHz. a signal on line 32, fed to 
25 a fixed divider 34 having a fixed dividing ratio (M) of. for example, 240, must be at a data rate of 
L728MHZ. Therefore, the two-bit code output on line 26 by the sigma-delta modulator 24 must 
instruct the variable divider 28 to divide the master clock signal by a factor of 8 in order to get 
the 1.728MHz signal desired. 

One of the limitations of this phase-locked loop circuit is that the phase-locked loop 10 is 
30 limited to a fixed operating range around a center frequency of the external clock signal, in order 
to keep the signal 32 at approximately 1 .728MHz. The 1 .728MHz is required by the analog-io- 
digital converter or the digital-to-analog converter of the AD28msp01 analog front end chip to 
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clock a 1-bii analog-to-digital converter for converting an analog signal to a 1-bil digital signal at 
an oversampled rate or to clock a 1-bit digital-to-analog convener for converting an oversampled 
digital signal to an analog signal. The fixed range of operation of the phase-locked loop 10 is 
thus a function of the dividing ratio M of the variable divider and the center frequency of the 
external clock signal 12. In addition, another limitation of the phase-locked loop circuit 10 is 
that the variable divider must be instructed what frequency the external clock signal 12 is at, in 
order to choose the variable dividing ratio M. Thus, the phase-locked loop circuit 10 has a 
limited range over which it can lock to an external clock signal, and it must be instructed as to 
the frequency of the external clock signal. 

In addition, another limitation of the phase-locked loop circuit 10 is that a non-linear 
mapping results between the two-bit code, output, on line 26, by the sigma-delta modulator and 
the resulting conversion frequency signal TCONV. In other words, if the frequency of the 
conversion signal TCONV is plotted as a function of the two bit code, on line 26. as shown in 
Figure 2. a non-linear relationship results. A linear relationship is ideally desired, so that the 
conversion signal TCONV can be changed in linear steps and so that the steps are fixed across 
the dynamic operating range of the phase-locked loop 10. Thus, a disadvantage of the phase- 
locked loop circuit 10 is that the conversion frequency signal cannot be linearly incremented by 
stepping through the various steps of the 2-bit code 26. 

Still another limitation of the this phase-locked loop circuit 10 is that, due to the infinite 
gain of the loop filter 20. the circuit is characterized by undesirable phase noise. The phase noise 
results from the gain of the loop itself; the higher the gain, the higher the phase noise. Thus, an 
inherent trade off exists in responsiveness of the phase-locked loop to the external clock signal, 
which is a function of the loop gain, and the phase noise of the phase-locked loop. The infinite 
gain of the loop filter 20. of the phase-locked loop circuit 10. results in ideal responsiveness of 
the phase-locked loop 10 to the external clock signal, but also produces unwanted amplified 
phase noise. 

Therefore, an object of the present invention is to provide an improved digital phase- 
locked loop which provides one or more of the advantages recited herein. 

Summary' of the Invention 

In one embodiment of the invention, a counter receives an input signal and a master clock 
signal and determines a period of the input signal, and outputs a period signal indicating a 
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number of master clock pulses within the period of the input signal. A phase-locked loop 
receives the period signal and the input signal and provides a phase difference signal which 
represents a phaseand a frequency-difference between the period signal and the input signal. A 
sigma-delta modulator, within the phase-locked loop, receives a signal which is a sum of the 
phase-difference signal and the period signal and provides a sigma-delta modulated control 
signal which is phaseand frequency-locked to the phase and the frequency of the input signal. 
The phase-locked loop circuit allows the phase-locked loop to lock to any input signal within a 
locking range of the circuit and to supply a sigma-delta modulated control signal. 

The sigma-delta modulated control signal can be used in conjunction with any one or 
more of an analog-to-digital converter, a digital-to-analog converter and a digital-to-digiial 
converter. In particular, the sigma-delta modulated control signal can be used to variably 
interpolate digital data at a first data rate to digital data at a second data rate. Still further, the 
sigma-delta modulated control signal can be used to variably decimate digital data at a first data 
rate to digital data at a second data rate. The variable interpolator can be disposed after an 
analog-to-digital converter, for example, to variably increase a data rate of a digital signal output 
bv the analog-to-digital converter. The variable decimator can be disposed, for example, before a 
digital-to-analog converter to variably decimate a data rate of a digital signal before outputting it 
to the digital-to-analog converter. 

In another embodiment of the invention, a sigma-delta modulator provides a sigma-delta 
modulated control signal representative of a data rate of an input signal to the sigma-delta 
modulator and further includes a means for inverting the input signal and for scaling the input 
signal by a fixed scaling factor, such that no truncation errors, resulting from an inversion ol'the 
input signal, exist. This embodiment of the sigma-delta modulator can be used within the phase- 
locked loop circuit to provide the sigma-delta modulated control signal. 

In still another embodiment of the invention, a first sigma-delta modulator provides a first 
sigma-delta modulated control signal representative of a data rate of an input signal to the first 
sigma-delta modulator. In addition, a second sigma-delta modulator coupled to an output of the 
first sigma-delta modulator, scales the first sigma-delta modulated control signal and provides a 
second sigma-delta modulated control signal which is locked to the first sigma-delta modulated 
control signal. 

Either one of the first and second sigma-delta modulated control signals can be fed to an 
interpolator circuit to variably interpolate a digital data at a first data rate to a digital data at a 
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second data rate. In addition, either one of the first and second sigma-delta modulated control 
signals can be fed to a decimator circuit to variably decimate a digital data at a first data rate to a 
digital data at a second data rate. Still further, either one of the first and second sigma-delta 
modulated control signals can be fed to a suppressor circuit to suppress pulses of a master clock 

5 signal, on average, to produce a digital clock signal. 

In still another embodiment of the invention, a sigma-delta modulator provides a sigma- 
delta modulated control signal representative of a data rate of an input signal to the sigma-delta 
modulator. A magnitude of the sigma-delta modulated control signal can be varied to effect a 
phase change of a control system in which the sigma-delta modulator is utilized. This control 

10 system can be used, with an interpolator, to interpolate digital data at a first data rate to digital 
data at a second data rate and also to line up a phase of the control system to a phase of the 
digital data at the first data rate. In addition, the control system can be used with a decimator to 
decimate digital data at a first data rate to digital data at a second data rate and to line up a phase 
of the control system to a phase of the digital data at the first data rate. 

15 The features and advantages of the present invention will be more readily understood and 

apparent from the following detailed description of the invention, which should be read in 
conjunction with the accompanying drawings, and from the claims which are appended at the 
end of the detailed description. 

20 Brief Description of the Drawing 

The foregoing and other objects and advantages of the invention will become more clear 
with reference to the following detailed description of the drawings, in which like elements have 
been given like reference characters, and in which: 

In the drawing. 

25 Figure 1 is a block diagram of a phase-locked loop circuit which has been used in an 

echo-cancelling modem and analog front-end circuit: 

Ficure 2 is a graphical illustration of a frequency of a conversion signal generated by the 

phase-locked loop of Figure 1 as a function of the two-bit code output by a sigma-delta 

modulator within the phase-locked loop of Figure 1 ; 
30 Figure 3 is a block diagram of a phase-locked loop circuit according to the present 

invention: 

Fiizures 4a-4d illustrate various first stages which can be alternatively selected and used 
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as a first stage of a sigma-delta modulator; 

Figure 5 is a block diagram of a 1/N and scaling sigma-delta modulator according to the 

present invention; 

Figure 6 is a block diagram of a linked sigma-delta modulator according to the present 
invention; 

Figures 7a-7c illustrate different applications in which the linked sigma-delta modulator 

of Figure 6 can be used; 

Figure 8 is a block diagram of a sigma-delta modulator v/hich can be adjusted to ad\ ance 
or retard a phase of a sigma-delta modulated clock signal under control of the sigma-delta 
modulator: and 

Figure 9 is an illustration of a change in a magnitude and a phase of a clock signal under 
control of the sigma-delta modulator of Figure 8. 

Detailed Description 

For purposes of illustration only, exemplary embodiments of the present invention will 
now be explained with reference to specific data rates, division ratios, and the like. One skilled 
in the art will recognize that the present invention is not limited to the specific embodiments 
disclosed, and can be more generally applied to other circuits and methods having different 
operating parameters than those illustrated. 

Figure 3 is a block diagram of one embodiment of a phase-locked loop 100 according to 
the present invention. The overall purpose of the phase-locked loop circuit 100 is to lock to an 
external clock signal such as an off-chip clock signal, on line 12. and to generate a sigma-delta 
modulated control signal, on line 54, to be utilized by one or more of analog-to-digital convener, 
a digital-to-analog converter, or a digital-to-digital converter, such as described in the 
aforementioned applications. In circuit 100, the external clock signal, on line 12, is fed to a 
frequencv counter 36 which produces a signal, on line 38, representative of the period of the 
external clock signal 12. In addition, the external clock signal is applied to a phase detector 14 
which produces a phase-detected signal on line 40. proportional to a phase and a frequenc) - 
difference between the external clock signal, on line 12, and a conversion signal on line 16. 

In a preferred embodiment of the phase-locked loop circuit 100. the phase detector 14 is a 
phaseand frequency-detector, which provides both phase and frequency information at its output 
line 40. Phase and frequency converter circuits are well known in the art. One example of such 
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a circuit may be found in Phased locked loops. Theon- Desicn and Applications by Dr. Roland E. 
Best, published by McGraw-Hill Company ©1984. 

The phase-detected signal, on line signal 40, is filtered by a low-pass filter 42 and is 
summed, in summer 44. with the signal on line 38. representative of the frequency of the external 
5 clock signal 12. In a preferred embodiment of the phase-locked loop 100. a filter 46, which is 
also a low-pass filter, is disposed between the counter 36 and the summer 44. A filtered signal, 
on line 47, is sent to the summer 44. 

A summed signal, on line 45, is fed to a 1/N and scaling circuit 48. which determines an 
inverse of a period of the summed signal, on line 45, and also performs a fixed scaling of the 
10 inverted summed signal. A scaled signal, on line 50. output from the 1/N and scaling circuit 48. 
is fed to an n-bit sigma-delta modulator 52, The 1/N and scaling circuit 48 and the n-bit sigma- 
delta modulator 52 combine to form a 1/N and scaling sigma-delta modulator 49. Additional 
details of the 1/N and scaling sigma-delta modulator 49 will be described hereinafter. 

In a preferred embodiment of this circuit 100. the sigma-delta modulator 52 is a 4-bit. 
15 third-order sigma-delta modulator. However, it should also be appreciated that the invention is 
not so limited. For example, the sigma-delta modulator 52 may also be a one-bit modulator if a 
clock frequency used to drive the sigma-delta modulator is appropriately increased. Further, an 
sigma-delta modulator having a larger number of bits could also be used if the clock frequency is 
appropriately decreased. Still further, a higheror lower-order sigma-delta modulator could also 
20 be used. Of course, it is well known that the higher the order of the sigma-delta modulator, the 
better the noise-shaped characteristics of the signal output by the sigma-delta modulator. 

A 4-bit code, on line 54. output by the 1/N and scaling sigma-delta modulator 49, ma\ be 
utilized, for example, by an analog-to-digital converter, as disclosed in Figure 2 of the 
Application Serial No. 08/124.104, to increase the sample rate of a digital data stream on line 1 7. 
25 output b\ an analog-to-digital converter 1 1 . The 4-bit code may also be used by a digital to- 
analog converter, for example as disclosed in Figure 2 of U.S. Application Serial No. 
08/120.957. to decimate a digital data stream on line 19, under the control of the 1/N and scaling 
sigma-delta modulator 49. The 4-bit code may also be used by a digital-to-digital converter, 
such as is disclosed in Figure 2 of U.S. Application Serial No. 08/241,059. to increase a data rate 
30 of a digital data stream, on line 28, and/or to decimate a data rate of a digital data stream, on line 
19, under control of the 1/N and scaling sigma-delta modulator 49. 

The 4-bit code may also be fed to a clock suppressor circuit 56. as disclosed in Fig. 3. An 
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output clock signal, on line 58. will be at 384 times the frequency of the external clock signal on 
line 12. The suppressor circuit 56. acts to suppress a number X of master clock signals, on hne 
60. in response to the 4-bit code output by the 1/N and scaling sigma-delta modulator 49. A first 
X number of master clock pulses, on line 60, are suppressed in response to the 4-bit code, on line 
54. The following examples will serve to illustrate the operation of this circuit 100. 

Assume that the master clock signal, on line 60. fed to the counter 36 and the suppressor 
circuit 56. is a 24.576MHz clock signal comprising eight clock pulses per period of the clock 
signal. Each clock pulse, of the eight clock pulses, thus is at a frequency of 3.072MHz. Further 
assume that the external clock signal, on line 12. is at a data rate of 48kH2 and that the scaling 
function of the 1/N and scaling circuit 48 is fixed at 3072. For every one period of the 48kHz 
external clock signal, there are 512 master clock pulses applied to counter 36. Thus, counter 36 
will produce a period signal, on line 38. representative of 512 master clock pulses. The 1/N and 
scaling modulator 49 in turn yields the 4-bit code of +2 which renecis an allowance value of 
3072/512 = 6. The allowance value corresponds to allowing 6 out of the 8 master clock pulses 
through the suppressor circuit 56. In other words, a first 2 of the 8 master clock pulses 60. are 
suppressed, and the last 6 master clock pulses are allowed to pass. The +2 code thus represents 
the 4-bit code which is the value for a 48kHz external clock signal on line 12. 

Table 1 illustrates the relationship among the 4-bit codes that are produced by the 1 "N 
and scaling sigma-delta modulator 49. the allowance value by which the master clock signal, on 
line 60. is suppressed by circuit 56 and the external clock signal (conversion signal 16) 
frequency. 

I Table 1 



4 BIT CODE 



ALLOWANCE 
VALUE 



CORRESPONDING 

TO EXTERNAL SIGNAL 

FRFOUENrV OF (KHz) 



+4 

+3 
+2 
+ 1 
0 



-J 
-4 



8 
7 
6 
5 
4 

2 
1 

0 



64 
56 
48 
40 
32 
24 
16 
8 

DC 
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In accordance with Table L the suppressor circuit 56 allows a number of master clock 
signals, on line 60. to pass through the suppressor circuit 56 as a function of the 4-bit code, on 
line 54, output by the 1/N and scaling sigma-delta modulator 52. For example, for the external 
5 clock signal of 48kHz the sigma-delta modulator 40 outputs, on average, a -^2 4-bit code value 
which corresponds to an allowance value of six, as described above. The +2 code directs the 
suppressor circuit 56 to allow six out of every eight master clock signals 60 to pass through the 
circuit 56. Stated another way. circuit 56 suppresses two out of ever\' eight 24.576MHz clock 
signals 60 in response to the -^2 code 54. 

10 The 4-bit code, on line 54, output by the 1/N and scaling sigma-delta modulator 49 is a 

resulting average of all codes produced by the sigma-delta modulator 52 upon sigma-delta 
modulation of the scaled and inverted signal, on line 50, output by the 1/N and scaling circuit 48. 
Thus, a +2 code is not produced ever)' time the 1/N and scaling sigma-delta modulator 49 
outputs a 4-bit code, on line 54. Other 4-bit codes will also be produced, but with a lower 

15 frequency of occurrence. As is well known in the field of sigma-delta systems, noise produced 
by a sigma-delta modulator can be removed by digital filtering techniques. This is because the 
sigma-delta modulator shifts the noise to a high frequency domain which can be filtered out by a 
digital low-pass filter to remove the out of band sigma-delta noise. 

One skilled in the art will also appreciate that any external clock frequency in a stable 

20 operating range of the sigma-delta modulator, may be produced by varying a ratio of 4-bil codes 
produced by the 1/N and scaling sigma-delta modulator 49. The stable operating range of the 
sigma-delta modulator is a range, less than the range of DC to 64 kHz of Table 1 . over which the 
sigma-delta modulator will operate without breaking into oscillations. In a preferred 
embodiment of the phase-locked loop 100. the sigma-delta modulator has a stable operating 

25 range from 4kHz to 53.8kHz. 

if, for example, external clock signal, on line 12. is at a frequency of 4kHz. then the 
counter 36 outputs 6.144 master clock pulses, on line 60. for everv' one period of external clock 
signal. The \fH and scaling circuit 48 then yields an effective input to the sigma-delta modulator 
3072/6144 of = 0.5. Thus, the sigma-delta modulator 52 outputs, on average, an equal member 

30 of -3 and -4 codes. The -3 codes direct the randomizer and suppressor circuit 62 to allow one out 
of ever>' eight master clock signals, on line 60. to pass through (i.e., circuit 60 suppresses 7 out of 
8 24.6576MHz clock signals). The -4 code directs circuit 62 to allow 0 out of every 8 master 
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clock signals to pass through (i.e.. circuit 60 suppresses 8 out of 8 24.576MHz clocks). Thus, on 
average, one out of every sixteen 24.576MHz clocks will pass through the randomizer and 
suppresser circuit 56 in response to an average of the -3 and -4 codes output by the 1/N and 
scaling sigma-delta modulator circuit 49. One skilled in the art will thus appreciate that an\ 
5 conversion signal rate within the stable working range of the phase-locked loop circuit can be 
produced through the appropriate combination of 4-bit codes on line 54. 

One additional feature that may be included in the suppressor circuit 56. is a randomizer 
circuit which eliminates unwanted tones in the conversion signal, on line 48. For example, if the 
same master clock signals, on line 60. are always suppressed by the circuit 56. for each 4-bii 
10 code output from the 1/N and scaling sigma-delta modulator 49, then unwanted tones may appear 
in the signal on line 58. However, a randomizer circuit will randomly suppress clock cycles of 
the master clock on line 60, also thereby suppressing these unwanted tones. The randomizer 
insures that an equal number of pulses in each of the 8 master clock positions are equally 
suppressed, on average. This may be accomplished, for example, by providing a latch, for each 
15 master clock pulse position, that is set whenever the pulse in that position is suppressed. Pulses 
in that position are not suppressed again until latches corresponding to all 8 master clock pulse 
positions have been set. after which the latches are all cleared and the sequence of suppression is 
again repeated. Clock randomizer/suppressor circuits are well known in the art. One example of 
a clock randomizer/suppressor circuit can be found in Phased Lo cked Loops. Theorw Desiun, 
20 and Applications by Dr. Roland E. Best, published by McGraw-Hill Book Company. €> 1984. 

The signal, on line 58, output by the clock randomizer/suppressor circuit 56. is then sent 
to a fixed divider 62 having a fixed dividing ratio of 384, to divide the signal, on line 58. down to 
the frequency of the external clock signal on line 12. The \fN and scaling sigma-delta modulator 
49 and the suppressor circuit 56, together form a digital-controlled oscillator. 
25 In a preferred embodiment of the phase-locked loop circuit 100. the filter 42 is also 

provided with a user-programmable gain, embodied by a bit of an addressable register, which can 
be switched between a gain of B=0 and B=L A result of the user-programmable gain is a loop 
gain which is swiichable between a finite value and infmit\ . Thus, the phase-locked loop circuit 
of Figure 1 00 is comprised of two sub-circuits, a first sub-circuit 63 which provides a signal on 
30 line 38 indicative of a period of the external clock signal on line 12 and a second sub-circuit 65 
which adjusts a phase of the control signal, on line 54. to match the phase of the external clock 
signal. 
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An advantage of this phase-locked loop circuit 100 is that a user can switch between a 
finite gain mode and an infinite gain mode. In the finite gain mode, the circuit is designed to be 
approximately critically damped. In the infinite gain mode, the circuit is underdamped. In the 
finite gain mode, a number of cycles of the external clock signal, on line 12, are required in order 

5 to lock to a phase of the external clock signal. If, however, the phase-locked loop circuit 100 
cannot lock to the external signal, the user can switch the bit of the addressable register to 
provide an infinite gain response, so that the phase-locked loop circuit can lock more quickly to 
the external clock signal. Thus, the circuit 100 normally is approximately critically damped. In 
addition, because the gain of the circuit 100 is normally employs the finite gain mode of the 

10 phase-locked loop circuit, the circuit does not suffer from added phase noise characteristics 
which result from the infinite gain mode. 

Another advantage of this embodiment of the phase-locked loop 100 is that there is a 
linear mapping relationship between the 4-bit code on line 54, output by the 1/N and scaling 
sigma-delta modulator 49, and the conversion signal on line 16. As shown in Table 1. there is an 

15 8kHz step between each pair of adjacent 4-bit code values. Thus, as discussed above in the 
examples given, the phase-locked loop circuit can be locked to an external clock signal, on line 
12, in linear increments of the signal. 

Application Serial No. 08/1 24 J 04, allows the analog-to-digital converter lo lock to the 
external clock source on line 12 and to operate at a frequency, which may but need not be. the 

20 sauTie or even an integer multiple of the master clock signal. Similarly, the phase-locked loop 
100, when used with the digital-to-analog converter of U.S. Application Serial No. 08/120.957. 
allows the digital-to-analog converter to accept digital data at any data rate of the working 
system, to lock to the external clock signal and to operate the digital-to-analog converter at a 
frequency which may. but need not. be the same or even an integer multiple of the master clock 

25 frequency. Further, the phase-locked loop of the present invention when used with the digital-to- 
digital convener of U.S. Application Serial No. 08/241,059. allows the digital-to-digital 
converter to accept digital data at any data rate within the working range of the s> stem, to lock to 
externally supplied clock source and to convert the incoming digital data to a data rate which 
may be. but is not necessarily, the same or even an integer multiple of the master clock signal. 

30 Figures 4a)-4d) illustrate a plurality of interchangeable alternatives for a first stage 64 of 

a sigma-delta modulator, for achieving different types of sigma-delta modulators. For example, 
there is showTi in Figure 4a) a normal first stage of a sigma-delta modulator, with a first stage 
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coefficient Ao as the input. In Figure 4b). there is shown a first stage of a 1/N sigma-delta 
modulator, to be discussed infra. In Figure 4c). there is shown an alternate embodiment of the 
1/N sigma-delta modulator, which will also be discussed infra. Figure 4d) illustrates a first stage 
of an M/N scaling sigma-delta modulator, to be discussed infra. 
5 Figure 5 is a block diagram of a 4-bit. third-order 1/N sigma-delta modulator 49 which 

can be utilized in the phase-locked loop 100 of the present invention. It is also to be appreciated 
that the 1/N sigma-delta modulator is not so limited. For example, any number of bits may be 
used if an appropriate clock frequency is utilized. Further, any order sigma-delta modulator ma\ 
be used depending on the desired noise shaping characteristics. An advantage of the 1/N sigma- 
10 delta modulator 49 is that no truncation errors result from dividing the signal, on line 45 of the 
phase-locked loop 100, by N. 

A problem with simply computing an inverse of the signal on line 45 is that unless the 
value of N is an even number, a truncation error will result since the result cannot be represented 
practically at the output of the circuit 48. A repercussion of the truncation error in the phase- 
15 locked loop circuit 100 is that the phase-locked loop will always be tr>'ing to make up for the 
truncation error and will never be able to exactly phase lock to the external clock signal on line 
12. An advantage of the circuit of Figure 4 is that by incorporating the 1/N function into the 
sigma-delta modulator, on average, there is no truncation error. 

Still another advantage of the 1/N and scaling sigma-delta modulator 49 is that a first 
20 stage 64, as illustrated in Figs 4b-4c and Fig. 5, prevents any distonion of the modulator's noise 
shaping chcu-acteristics. 

Referring to Figure 5. and more particularly to the first stage 64 of the sigma-delta 
modulator 49, an n-bit guess, on line 66. of 1/N is input to the first stage. In addition, a product 
of the periodic signal, on line 68, and the n-bit guess of 1/N, is fed to the first stage of the sigma- 
25 delta modulator on line 69. The product of the n-bit guess and the periodic signal is 

accomplished in a multiplier. The multiplier may be incorporated into the sigma-delta modulator 
49 or it may be separate. Each of the terms, on lines 66 and 69. is multiplied by the first 
coefficient Ao of the sigma-delta modulator. The operation of the first stage 64 of the 1/N and 
scaling sigma-delta modulator will now be described. 
30 If the n-bit guess, on line 66. of 1/N is close to the product of the n-bit guess of 1/N and 

the periodic signal on line 69, output by the sigma-delta modulator, then the difference signal, on 
line 73, output by the summer 70, will be zero. The first stage of the sigma-delta modulator can 
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thus be kepi close to the nominal value of the first-stage coefficient Ao. by choosing the n-bit 
guess, on line 66, appropriately. Thus the circuit of Figure 5 allows the 1/N sigma-delta 
modulator 49 to operate in the optimum noise shaping range without producing any of the 
truncation errors. 

5 In a preferred embodiment of the 1/N sigma-delta modulator 49. to be utilized in the 

phase-locked loop 100 of Figure 3, the scaling factor 72, equal to a constant of 3072. is 
accomplished by scaling the input signal, on line 66, by the scaling factor before feeding the 
input signal to the 1/N modulator 49, However, it is to be appreciated that the scaling factor 72 
can be any constant value. Further, it is to be appreciated that the 1/N sigma-delta modulator 49 
10 may be utilized in any circuit that uses a sigma-delta modulator. 

Also, in the preferred embodiment of the 1/N sigma-delta modulator 49, utilized in the 
phase-locked loop circuit 100. the n-bit guess is a 5-bit guess that is implemented as a look-up 
table. However, it is to be appreciated that any number of bits may be used and that a tradeoff 
exists between the number of bits used, and the accuracy of the n-bit guess. In addition, the 
15 larger the number of bits used, the larger the size of the multiplier that is required to multiply the 
periodic signal and the n-bit guess. The less the number of bits, the lower is the resolution and 
accuracy of the n-bit guess. The 5-bit guess results in an overall accuracy of -»-/-20%. 

In addition, in the preferred embodiment of the 1/N sigma-delta modulator 49. a 
capability to switch between a normal first stage of the sigma-delta modulator, as illustrated in 
20 Figure 4a. and the 1/N first stage 64, as illustrated in Figures 4b-4c. exists. This is accomplished 
by toggling a bit of a programmable control register. Thus, only one sigma-delta modulator, 
with two selectively interchangeable first stages is needed to be able to perform each of the 
above sigma-delta modulation functions, and space is thereby saved. 

Referring now to Fif-^^ 4d a block diagram of the first stage of an M/N sigma-delta 
25 modulator, which can be utilized, for example, instead of the first stage 64 of the sigma-delta 
modulator of Fig. 5. to provide a third order M/N sigma-delta modulator. The M/N scaling 
sigma-delta modulator can produce an output signal, on line 74. which is a ratio M/N of the input 
signal on line 76. The scaling sigma-delta modulator may be used, for instance, to provide an 
output clock signal, on line 74. which is not necessarily an integer multiple of the input clock 
30 signal, on line 76. and which is locked to the input signal. 

In a preferred embodiment of the M/N scaling sigma-delta modulator, the coefficients 
M/N are provided in a look-up table. In addition, in the preferred embodiment, the coefficients 
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M and N are chosen to provide scaling factors which keep the M/N scaling sigma delta 
modulator operating in the optimum noise shaping range. 

Figure 6 is a block diagram of a linked sigma-delta modulator 8 1 . The linked sigma- 
delta modulator includes a first 80 and a second 82 sigma-delta modulator cascaded in series. 
5 With the linked sigma-delta modulator 81, a signal, on line 84, output by the second sigma-delta 
modulator is linked to a signal, on line 83, output by the first sigma-delta modulator 80. 

In a preferred embodiment of the linked sigma-delta modulator 81, the first sigma-delta 
modulator 80 is a third-order sigma-delta modulator having a normal first stage, as shown in 
Figure 4a. and the second sigma-delta modulator 82 is a third-order sigma-delta modulator 
10 having an M,^' first stage, as disclosed in Figure 4d. An advantage of the linked sigma-delta 

modulator of Figure 6 is that a clock signal, on line 84. can be generated that is not necessarily an 
integer multiple of the input clock signal, on line 86, to the first sigma-delta modulator 80, and 
which is also phase-locked to the input clock signal. Thus, with the linked sigma-delta 
modulator 81. it is possible to lock to the rate of any external signal on line 86, within the 
15 working range of the linked sigma-delta modulator, and to generate a second clock signal at a 
different sampling rate, for instance. Thus, the linked sigma-delta modulator may be used in any 
circuit which requires locking to a first clock signal and generating a second clock signal which 
is not necessarily an integer multiple of the first clock signal. 

One application of the linked sigma-delta modulator 81 is PAL video locking. For PAL 
20 video locking it is necessar>' to lock to an input signal, on line 86. at a data rate of 1 5.625kHz and 
to generate a sampling rate signal, on line 84, at a second frequency, for instance 44.1kHz. This 
can be accomplished by selecting a scaling ratio M/N of 2.82. Thus, with the linked modulator, 
the output signal, on line 84, from the linked sigma-delta modulator maybe at a higher rate, the 
same rate, or a lower rate than the input signal on line 86. In addition, the output signal need not 
25 be an integer multiple of the input signal. Thus, an advantage of the linked sigma-delta 

modulator is that the output clock signal is not limited to an integer divisor of an input clock 
signal. In addition, the output clock signal is locked to the input clock signal. 

Figures 7a-7c illustrate three illustrative applications for which the linked sigma-delta 
modulator 81 may be utilized. In Figure 7a. a multi-bit digital signal, on line 88, representati\ e 
30 of a desired data rate of an analog-to-digital, a digital-to-analog, or a digital-to-digital converter, 
as described above with reference to Figure 3. is input to the first sigma-delta modulator 80. In a 
preferred embodiment of the invention, the digital signal, on line 88, is a 20-bit number 
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representative of the desired data rate. This digital signal is sigma-delta modulated by the first 
sigma-delta modulator 80 which outputs a multi-bit code, on line 90, which can be fed. for 
example, to an interpolator of the analog-to-digital convener to increase the sample rate of the 
digital data stream in the analog-to-digital converter. In addition, the n-bit code is also fed to the 

5 second sigma-delta modulator 82, which scales the code by the M/N scaling ratio and outputs an 
n-bii code, on line 92. at a desired bit clock rate. This n-bit signal may be fed. for example, to a 
randomizer/suppression circuit 94, such as described above in Figure 3. to produce a bit clock 
signal without any unwanted tones. 

Figure 7b illustrates a second application of the linked sigma-delta modulator 81 which is 

10 used for NTSC video locking. In Figure 7b, the first sigma-delta modulator 80 corresponds to 
the sigma-delta modulator disposed inside the phase-locked loop 100 of Figure 3. In particular, 
the first sigma-delta modulator 80 is the 1/N and scaling sigma-delta modulator 49. of Figure 5, 
having a first stage as illustrated in either one of Figures 4b and 4c. For the NTSC video locking 
application of Figure 7b, an external synchronization signal on line 12, for example at a data rate 

15 of 15kHz, is fed to the phase-locked loop 100, and the output signal, on line 90, corresponds to 
the 4-bit code, on line 54 of the phase-locked loop 100, output by the 1/N and scaling the sigma- 
delta modulator 49. This 4-bit code is fed to the suppressor circuit 56, within the phase-locked 
loop 100, as discussed above. This 4-bit code is also input to the second sigma-delta modulator 
82 which scales the 4-bit code by the scaling ratio M/N to produce 4-bit codes, on line 92, 

20 representing a desired audio sampling rate of an analog-to-digital or digital-to-analog converter 
An example may serve to illustrate this embodiment. 

Assuming a synchronization signal, on line 12, of 15.625kHz is input to the phase-locked 
loop 100, a 4-bit code, on line 90, of 1 .953125 is output by the first sigma-delta modulator 80. 
This 4-bit code corresponds to the synchronization rate of 1 5.625kHz. This 4-bit code is input to 

25 the second sigma-delta modulator 82 and scaled by a factor of M= 1 3440/N=4375 to produce an 
allowance factor of 6.0 (an output 4-bit code 92 of +2). As discussed above with reference to 
Table 1 . an output code of -^2 corresponds to a sampling rate of 48kHz. This 4-bii code is then 
fed, for example, to the interpolator 1 8 of the analog-io-digital converter to increase the data rale, 
as disclosed in the patent application Serial No. 08/124,104, discussed above. 

30 Figure 7c illustrates a third application of the linked sigma-delta modulator 8 1 . The first 

modulator 80 is the 1/N and scaling sigma-delta modulator 49 of Figure 5, which is disposed 
within the phase-locked loop 100 of Figure 3, Thus, operation of the first modulator is similar to 
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that of the application shown in Figure 7b. However, the 4-bit code 90 is utilized only by the 
second modulator 82 to produce an M/N scaled 4-bit code, on line 92. The M/N scaled 4-bit 
code is then fed to a randomizer/suppressor circuit 94 to generate a bit clock without any 
undesired tones similar to that of the second modulator of the embodiment of Figure 7a. Thus. 
5 this embodiment is utilized to generate a bit clock signal which is locked to the input signal and 
is a ratio multiple of the input clock signal. 

Figure 8 illustrates an embodiment 96 of a sigma-delta modulator which can be used lo 
change a magnitude of an n-bit code, on line 54, output by the sigma-delta modulator. Such a 
sigma-delta modulator may be used, for example when no external clock signal is available to 
1 0 phase lock to. to advance or retard a phase of a signal, under control of the sigma-delta 

modulator 96. The phase of the signal can be advanced or retarded, for example, by one of 
interpolating a signal under control of the n-bit code, decimating a signal under control of the n- 
bit code and manufacturing a signal with a suppressor circuit under the control of the n-bit code. 
Thus, the user phase adjustment sigma-delta modulator 96 may be used with any of the analog- 
15 to-digital, the digital-to-analog and the digital-to-digital converters discussed in the patent 
application referenced above. 

The user-phase adjustment sigma-delta modulator 96 is utilized, for example, in V.32 
modems where an analog-to-digital converter, of a receiving modem, is to sample a received 
signal at a same frequency and a same phase as the signal transmitted by the transmitting 
20 modem*s digital-to-analog converter. The receiving modem must somehow force the received 
signal to be sampled in phase with the transmitted signal. 

In the embodiment of Figure 8, an n-bit phase shift signal, on line 98, is added lo the 
frequency select signal, on line 100, to change a magnitude of a clock signal, on line 102. fed to 
the sigma-delta modulator 104. In order to understand how a phase of a signal may be adjusted 
25 with this embodiment 96 of the sigma-delta modulator, one must understand that as an impulse is 
fed to a sigma-delta modulator 104, an output code 54, on average, changes to reflect the impulse 
and then to restore the output code 54 to the average input signal. Thus, once the impulse has 
been completely represented, the sigma-delta modulator 104 will then, on average, represent the 
input signal 100. If the n-bit code 54 is then used to any one of decimate, interpolate, or 
30 manufacture a clock signal, the magnitude and thus the phase of such signal can be changed as 
will now be described. Referring to Figure 9, there is illustrated a signal 106 which is created b\ 
any one of an interpolator, a decimator. or a suppressor circuit under the control of the sigma- 
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delta modulator 96. Figure 9 also illustrates the n-bit code, on line 54 output by the sigma-delia 
modulator 96. and the corresponding magnitude and phase of the signal 106 in relation to the n- 
bit code 54. More specifically, one can see that a corresponding magnitude and phase of the 
signal 106. represented by the locations marked with an X, corresponds to the +3 n-bit code. In 

5 addition. Figure 9 illustrates that an n-bit code of +4. resulting from an impulse at the input to the 
sigma-delta modulator 104. results in a change in magnitude and phase of the signal 106 as 
represented by the locations marked with a *. Thus, depending upon the value and the sign of 
the n-bit code, on line 54. a magnitude and a phase of the signal 106 can either be advanced or 
retarded. Thus, as discussed above with respect to V.32 modems, a receiving modem may align 

10 a received signal to that of a transmitted signal by creating impulses at the input, on line 99. to 
the sigma-delta modulator 104 of the sigma-delta modulated embodiment 96. 

In a preferred embodiment of the sigma-delta modulator 96, impulses 98 are added to the 
frequency signal 100. by the use of a user addressable register 106. A first bit of the n-bit phase 
shift signal, on line 98. controls a direction of the phase shift (i.e. either advance or retard the 

15 phase). In addition, the addressable register is an eight-bit addressable register in which, each 
least-significant bit. of the addressable register, represents 0.12 degrees of phase shift. The 0.12 
degrees of resolution results from 384 master clock pulses per 360© of the signal 106. eight bits 
of resolution in the addressable register 106 and the scaling factor of 1.024 in the 1/N and scaling 
sigma-delta modulator 49. of Figure 3 (resolution = 360o/384x8 )x 1.024). It is to be appreciated 

20 that either lower or higher resolution can be achieved by choosing a different scaling factor 
and/or a larger or smaller bit addressable register. 

The phase-adjustment sigma-delta modulator 96. can be used for example in the analog- 
to-digital converter of U.S. application Serial No. 08/124,104 to control, the interpolator 18 of 
Figure 2. The sigma-delta modulator 20, of Figure 2. will then output a multi-bit code, on line 

25 23, representative of a desired sample rate of digital data, on line 32. This multi-bit number is 
used by the interpolator 18 to increase the sample rate of the digital data stream, on line 1 7. by an 
interpolation factor. Thus, the phase-adjustmeni sigma-delta modulator 96. ofthe present 
invention, can be used to add an impulse to the frequency select signal 24 so as to either advance 
or retard a magnitude and a phase of the data stream, on line 1 9. 

30 The phase-adjustment sigma-delta modulator 96. can also be used, for example, in the 

digital-to-analog converter of U.S. application Serial No. 08/120.957. For example, the phase- 
adjustment sigma-delta modulator 96 can be used, in Figure 2. to control the decimator 21 which 
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decimates the digital data stream, on line 19, under control of the phase-adjustment sigma-delia 
modulator 96 of the present invention. Thus, the phase-adjustment sigma-delta modulator can be 
used to add an impulse to the sampling frequency select signal, on line 24, to produce the n-bii 
code, on line 26. output by the phase-adjustment sigma-delta modulator. The n-bit code, on line 
26, is then used to alter the decimator 21 to produce a change in a magnitude and a phase of the 
data stream, on line 14. at the output of the decimator 21 . 

Further, the phase-adjustment sigma-delta modulator 96, can be used with the digital-to- 
digital converter of U.S. application Serial No. 08/241,059. For example, the phase-adjusimeni 
sigma-delta modulator 69 can be used with the digital-to-digital convener of Figure 2 to replace 
either one of the sigma-delta modulators 20 controlling the decimator 21 and the sigma-delta 
modulator 32 controlling the interpolator 30. Therefore, the phase-adjustment sigma-delta 
modulator 96. of the present invention can be used to create an impulse at the frequency select 
signal, on line 24 to the input of sigma-delta modulator 20 or an impulse to the frequency select 
signal, on line 44, to the input of the sigma-delta modulator 32, In addition, the n-bit signal, on 
line 26 output by the sigma-delta modulator 20 or the n-bit signal, on line 46. output by the 
sigma-delta modulator 32 will then be used to an advance or a retard a phase of the data signal, 
on line 14. at the output of the decimator 21 or to advance or retard a phase and a magnitude of 
the data signal, on line 34 at the output of the interpolator 30. 

Having thus described one (several) particular embodiment(s) of the invention, various 
alterations, modifications, and improvements will readily occur to those skilled in the art. Such 
alterations, modifications, and improvements are intended to be part of this disclosure, and are 
intended to be within the spirit and scope of the invention. Accordingly, the foregoing 
description is by way of example only and is limited only as defined in the following claims and 
the equivalents thereto. 
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CLAIMS 

1 . A circuit which can be phase and frequency locked to a phase and frequency of an input 
signal, comprising: 

a counter, responsive to the input signal and a master clock signal, for determining a 
5 period of the input signal and for outputting a signal representative of the period: and 

a phase-locked loop, responsive to the period signal and to the input signal, for locking to 
a phase and a frequency of the input signal and for providing a phase difference signal 
representati\ e of a phase difference between the period signal and the input signal. 

10 2- The circuit of claim L wherein the phase-locked loop includes a sigma-delta modulator, 
responsive to a sum of the period signal and the phase difference signal, for providing a sigma- 
delta modulated control signal which is locked to the phase and the frequency of the input signal. 

3. The circuit of claim 2, wherein the phase-locked loop further comprises a programmable 
15 filter having a gain which is programmable so that a sensitivity of the phase-locked loop can be 

adjusted. 

4. The circuit of claim 2. wherein the phase-locked loop further comprises a digital 
oscillator responsive to the sigma-delta modulated control signal, which generates a first clock 

20 signal: and 

a divider, which divides the first clock signal to a second clock signal at a frequency of 
the input signal. 

5. The circuit of claim 4. wherein the phase-locked loop includes a phaseand frequency- 
25 detector, responsive to the input signal and the second clock signal, which determines a 

frequency difference and a phase difference, and which outputs the phase difference signal. 

6. The circuit of claim 2. wherein the phase-locked loop further includes means, responsive 
to the sum of the phase difference signal and the period signal, for determining an inverse of the 

50 summed signal without any truncation errors resulting from the inversion. 

7. The circuit of claim 2. wherein the phase-locked loop further includes a suppressor. 
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responsive to the master clock signal and the sigma-della modulated control signal, for 
suppressing a number of pulses of the master clock signal as a function of the sigma-delta 
modulated control signal and for outputting a first clock signal. 

8. The circuit of claim 6, wherein the means for inverting further comprises means for 
scaling the inverted signal and for outputting the sigma-delta modulated control signal. 

9. The circuit of claim 7. wherein the suppressor further includes a randomizer which 
ensures that each pulse of the master clock signal is equally suppressed on average. 

10. The circuit of claim 6. wherein the inverting means further comprises means for 
providing an initial guess of the inverted signal without distorting a noise shape of the sigma- 
delta modulated control signal. 



15 11. A phase-locked loop, analog-to-digital converter, comprising: 

a counter, responsive to an input signal and a master clock signal, for determining a 
period of the input signal and for outputting a signal representative of the period: 

a phase-locked loop, responsive to the period signal and to the input signal, for locking to 
a phase and a frequency of the input signal and for providing a phase difference signal 
20 representative of a phase difference between the period signal and the input signal: 

a sigma-delta modulator, responsive to a sum of the period signal and the phase 
difference signal, for providing a sigma-delta modulated control signal which is locked to the 
phase and the frequency of the input signal: and 

an analog-to-digital converter, responsive to the sigma-delta modulated control signal. 
25 which converts an analog signal to a digital signal at a first data rate, which increases the data 
rate of the digital signal to an increased data rate in response to the sigma-delta modulated 
control signal and which decimates the increased data rate digital signal lo a second data rale. 



12. A phase-locked, digital-to-analog converter, comprising: 
30 a counter, responsive to an input signal and a master clock signal, for determining a 

period of the input signal and for outputting a signal representative of the period: 

a phase-locked loop, responsive to the period signal and to the input signal, for locking to 
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a phase and a frequency of the input signal and for providing a phase difference signal 
representative of a phase difference between the period signal and the input signal; 

a sigma-delta modulator, responsive to a sum of the period signal and the phase 
difference signal, for providing a sigma-delta modulated control signal which is locked to the 
5 phase and the frequency of the input signal: and 

a digital-to-analog converter, responsive to the sigma-delta modulated control signal, 
which receives digital signals at a first data rate and increases the digital signals to a second data 
rate, which decimates the digital signals at the second data rate in response to the sigma-delta 
modulated control signal to provide digital signals at a third data rate and which converts the 
10 digital signals at the third data rate to analog signals. 

13. A phase-locked, digital-io-digital converter comprising: 

a counter, responsive to an input signal and a master clock signal, for determining a 
period of the input signal and for outputting a signal representative of the period; 
15 a phase-locked loop, responsive to the period signal and to the input signal, for locking to 

a phase and a frequency of the input signal and for providing a phase difference signal 
representative of a phase difference between the period signal and the input signal: 

a sigma-delta modulator, responsive to a sum of the period signal and the phase 
difference signal, for providing sigma-delta modulated control signal which is locked to the 
20 phase and the frequency of the input signal; and 

a first interpolation and decimation means for receiving a digital signal at a first data rate, 
for increasing the digital signal to a second data rate and for decimating the digital signal to a 
third data rate in response to the sigma-delta modulated control signal. 

25 14. The digital-to-digital converter of claim 13. further comprising a second interpolation and 
decimation means for receiving the digital signal at the third data rate, for increasing the digital 
signal at the third data rate to a fourth data rate in response to a second sigma-delta modulated 
control signal and for decimating the digital signal at the fourth data rate to provide a digital 
signal at a fifth data rate. 

30 

1 5. The digiial-to-digiial converter of claim 14. further comprising a second phase-locked 
loop circuit including: 
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a second counter responsive to a second input signal and the master clock signal, for 
determining a period of the second input signal and for outputting a second period signal 
representative of the period; 

a second phase-locked loop, responsive to the second period signal and to the second 
5 input signal, for locking to a phase and a frequency of the second input signal and for providing a 
second phase difference signal representative of a phase difference between the second period 
signal and the second input signal: and 

a second sigma-delta modulator, responsive to a sum of the second period signal and the 
second phase difference signal, for providing the second sigma-delta modulated control signal 
10 which is locked to the phase and the frequency of the second input signal. 

16. A 1/N and scaling sigma-delta modulator comprising: 

means, responsive to a signal representative of a period of an input signal, for inverting 
the period signal: 

15 means, coupled to the inverting means, for scaling the inverted signal by a scaling factor: 

and 

a sigma-delta modulator, coupled to the scaling means, which provides a sigma-delta 
modulated control signal representative of a data rate of the input signal, such that any truncation 
errors resulting from the inverting means are. on average, eliminated. 

20 

1 7. The 1 /N and scaling sigma-delta modulator of claim 1 6, further comprising a clock 
generator, responsive to the sigma-delta modulated control signal, for providing a first clock 
signal at the data rate indicated by the sigma-delta modulated control signal. 

25 1 8. The 1/N and scaling sigma-delta modulator of claim 1 6. further comprising a suppressor 
responsive to the sigma-delta modulated control signal and a master clock signal, which 
suppresses a number of pulses of the master clock signal as determined by the sigma-delta 
modulated control signal, to provide a first clock signal. 

30 19. The 1/N and scaling sigma-delta modulator of claim 1 8. further comprising a randomizer, 
coupled to the suppressing means, which randomly suppresses a pulse of the master clock signal 
such that each clock pulse of the master clock signal is equally suppressed, on average. 
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20. The 1/N in scaling sigma-delta modulator of claim 16. further comprising means for 
providing an initial guess of the inverted signal, without distorting a noise shape of the sigma- 
delta modulated control signal. 

5 21 . A linked sigma-delta modulator, comprising: 

a first sigma-delta modulator, responsive to a frequency select signal representative of a 
first data rate, for providing a sigma-delta modulated control signal representative of the first 
data rate: and 

a second sigma-delta modulator, responsive to the sigma-delta modulated control signal. 
10 for providing a second sigma-delta modulated control signal representative of a second data rate 
which is a programmable ratio of the first sigma-delta modulated control signal and which is 
locked to the first sigma-delta modulated control signal. 

22. The linked sigma-delta modulator of claim 21 , wherein the programmable ratio is 
15 provided, in a look up table, and without changing a noise shape of the second sigma-delta 

modulator control signal, 

23. The linked sigma-delta modulator of claim 21, further comprising an interpolator, for 
interpolating a digital signal at a first data rate to digital signal at a second data rate in response 

20 to the first sigma-delta modulated control signal. 

24. The linked sigma-delta modulator of claim 23, further comprising a randomizer and 
suppressor circuit, responsive to the second sigma-delta modulated control signal, for providing a 
clock signal at a data rate represented by the second sigma-delta modulated control signal. 

25 

25. The linked sigma-delta modulator of claim 2 1 . further comprising a randomizer and 
suppressing circuit, responsive to the first sigma-delta modulated control signal, for providing a 
clock signal at a data rate represented by the first sigma-delta modulated control signal. 

30 26. The linked sigma-delta modulator of claim 25. further comprising an interpolator, for 
increasing a data rate of a digital signal to an increased data rate represented by the second 
sigma-delta modulated control signal. 
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27. The linked sigma-delia modulator of claim 25, further comprising a decimator. for 
decimating a digital data at a first data rate to a second data rate represented by the second sigma- 
delta modulated control signal. 

5 

28. The linked sigma-delta modulator control circuit of claim 24, further comprising a 
decimator for decimating a digital signal at a first data rate to a digital signal at a second data rate 
represented by the second sigma-delta modulated control signal, 

10 29. The linked sigma-delta modulator of claim 2 1 . further comprising a randomizing and 
suppressing circuit, responsive to the second sigma-delta modulated control signal, for providing 
a bit clock signal at a data rate represented by the second sigma-delta modulated control signal 
and without unwanted frequency tones. 

15 30. A phase-adjustable sigma-delta modulator, comprising: 

a sigma-delta modulator, responsive to a frequency select signal, for providing a sigma- 
delta modulated control signal representative of a data rate of the frequency select signal: and 

means for adding an impulse to the frequency select signal to vary a value of the sigma- 
delta modulated control signal to either advance or retard a phase of a signal under control of the 
20 sigma-delta modulated control signal. 

3 1 The phase-adjustable sigma-delta modulator of claim 29, wherein the means for vann ing 
is an n-bit addressable register, a first bit for indicating whether to advance or retard the phase 
and a remaining n-1 bits for indicating a magnitude of the phase shift. 



32. The phase-adiustable sigma-delta modulator of claim 29, further comprising an 
interpolater. responsive to the sigma-delta modulated control signal, for interpolating a digital 
data at a first data rate to a second data rate indicated by the sigma-delta modulated control 
signal. 

30 33 . The phase-adjustable sigma-delta modulator of claim 29. further comprising a decimator. 
responsive to the sigma-delta modulated control signal, for decimating a digital data at a first 
data rate to a second data rate indicated by the sigma-delta modulated control signal. 
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